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We investigate the phenomenological consequences of a strict gauge-invariant formulation of the
Higgs particle. This requires a description of the observable scalar particle in terms of a bound
state structure. Although this seems to be at odds with the common treatment of electroweak
particle physics at first glance, the properties of the bound state can be described in a perturbative
fashion due to the Fröhlich-Morchio-Strocchi (FMS) framework. In particular a relation between
the bound-state Higgs and the elementary Higgs field is obtained within Rξ gauges such that the
main quantitative properties of the conventional description reappear in leading order of the FMS
expansion. Going beyond leading order, we show that the pole structure of the elementary and
the bound-state propagator coincide to all orders in a perturbative expansion. However, slight
deviations of scattering amplitudes containing off-shell Higgs contributions can be caused by the
internal bound state structure. We perform a consistent perturbative treatment to all orders in
the FMS expansion to quantify such deviations and demonstrate how gauge-invariant expressions
arrange in a natural way at the one-loop level. This also provides a gauge-invariant Higgs spectral
function which is not plagued by positivity violations or unphysical thresholds. Furthermore, the
mass extracted from the gauge-invariant bound state is only logarithmically sensitive to the scale of
new physics at one-loop order in contrast to its elementary counterpart.
I. INTRODUCTION
The perturbative treatment of the Higgs boson is
highly successful in order to describe high-energy pro-
cesses at the LHC. The definition of electroweak observ-
ables, e.g., the mass and decay width of the Higgs, as
well as the computation of cross sections are commonly
derived in terms of properties of the elementary fields
of the standard model Lagrangian. However, this de-
scription, based on the convenient picture of spontaneous
electroweak symmetry breaking, is paradoxical at various
levels [1–8], for a review see [9].
In order to avoid field theoretical inconsistencies which
we will briefly sketch in a moment, we will use a strict
gauge-invariant definition of the Higgs particle/resonance
that was first introduced by Fröhlich, Morchio, and
Strocchi (FMS) [10, 11]. They proposed to define
electroweak observables as properties of gauge-invariant
bound state operators in a similar spirit to hadrons in
QCD. At first sight, this seems to be at odds with any
textbook knowledge about electroweak interactions. This
seeming contradiction is resolved by the fact that the
bound states of the non-Abelian electroweak theory pre-
cisely reproduce the usual results based on the elemen-
tary fields at leading order in the FMS framework. In
particular, we will show that the pole structure of the
gauge-invariant bound state propagator and the elemen-
tary Higgs propagator coincides to all orders in a loop
expansion. Higher-order contributions of the FMS ex-
pansion result in loop suppressed modifications of off-
shell quantities which further substantiates the useful-
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ness of the common procedure. Nonetheless, enhance-
ments above the two-Higgs threshold might be observ-
able in future precision measurements. Furthermore, the
higher-order FMS terms ensure a gauge-invariant, posi-
tive spectral function for the Higgs bound state.
Although different approaches exist in the literature to
demonstrate gauge-parameter invariance of various quan-
tities describing physical observables, these statements
do not necessarily imply full gauge-invariance which is a
stronger statement. Within the setting of perturbative
gauge field theories, the BRST symmetry is used to con-
struct the physical, (perturbative) gauge-invariant state
space. However, the BRST construction breaks down
from a comprehensive perspective due to the Gribov-
Singer ambiguity in a general non-Abelian gauge the-
ory [2, 3, 12, 13] albeit the precise manifestation and
implications for a theory with BEH mechanism are not
fully understood yet [14–16]. Furthermore, Elitzur’s the-
orem proves that the conventional picture of sponta-
neous gauge symmetry breaking is inadequate in general
[1]. From a technical perspective, the breaking is merely
caused by the gauge-fixing procedure and not the form
of the Higgs potential.
As a result, any nontrivial structure of the elementary
Higgs propagator is solely induced by the gauge fixing in
a continuum formulation of the theory. Strictly speaking,
the gauge fixing introduces a nontrivial coupling between
the boundary conditions and the expectation values of
gauge dependent operators as can be shown in gauge-
fixed lattice formulations [10, 11]. Indeed, the propagator
of the elementary Higgs field has a trivial form within a
lattice approach where no gauge fixing is performed [9].
In general any Green’s function of a gauge dependent
object such as the Higgs or the gauge bosons will vanish
as long as an action and measure invariant under local
gauge transformations is used.
ar
X
iv
:2
00
9.
06
67
1v
1 
 [h
ep
-p
h]
  1
4 S
ep
 20
20
2These considerations immediately lead to an apparent
contradiction. On the one hand, we have the tremendous
success of the perturbative continuum formulation to ex-
plain current and past collider experiments. On the other
hand, basic field theoretical arguments call the validity
of the conventional approach into question. The solu-
tion to this problem was found by the pioneering work of
Fröhlich, Morchio, and Strocchi via their aforementioned
reformulation of electroweak observables as properties of
gauge-invariant bound state operators [10, 11]. Addi-
tionally, the FMS approach provides the field theoretical
foundation why the standard perturbative gauges and
the investigations of gauge-dependent elementary fields
are able to reflect the underlying physics appropriately.
That this is possible can be traced back to two points.
First, the usual class of Rξ gauges allows for a nonva-
nishing vacuum expectation value (VEV) of the scalar
doublet. Doing such a gauge fixing provides a mapping
from a gauge-invariant bound state operator to an object
of the remaining symmetry group. Second, from a group
theoretical point of view, the weak sector of the standard
model is special as it contains besides the non-Abelian
SU(2)gauge gauge structure a global SU(2)global symme-
try acting nonlinearly on the scalar doublet. Within the
conventional picture, both groups are broken to a global
diagonal subgroup SU(2)gauge×SU(2)global → SU(2)diag.
The fact that these groups coincide allows a one-to-one
mapping of gauge-invariant bound state operators and
elementary fields within the electroweak standard model
at leading order in the FMS formalism.1
Within the perturbative description, the original gauge
structure is then partly encoded in the BRST symmetry
which manifests in the Nielsen or Slavnov-Taylor identi-
ties. For instance, the Nielsen identities ensure that the
pole mass of the elementary Higgs field is independent
of the gauge-fixing parameter [22, 23]. But this does
not imply full gauge invariance [22]. It merely shows
the gauge (parameter) independence of certain quantities
within this particular class of gauges. As a counterexam-
ple one may consider the weak sector of the standard
model in the temporal gauge. In this gauge, it can be
shown that the VEV of the scalar field vanishes even if
the scalar potential is of Mexican-hat type. The “restora-
tion of symmetry”, i.e., 〈φ〉 = 0, can be understood from
the impact of topological defects. Common perturbative
techniques are blind to these nonperturbative field con-
figurations with nontrivial topology but their importance
can be proven within nonperturbative approaches even at
weak coupling [11]. Furthermore, not all quantities of in-
terest are constrained by the virtue of the Nielsen or other
identities. Although it can be shown that the pole of the
propagator is gauge-parameter free, its residuum is not.
1 As many BSM models with an extended BEH sector do not ful-
fill this special feature, the duality relation imposed by the FMS
mechanism is different and may cause a qualitative different spec-
trum [17–21].
Also other properties of the elementary Higgs propaga-
tor depend on the gauge. Further, the Lehmann-Källèn
spectral density is in general not positive definite which
prohibits a physical interpretation of the Higgs two-point
function and demonstrates the limitations of the use of
elementary fields. See Refs. [24–26] for a recent analysis
within an Abelian Higgs model.
Of course, all these points do not contradict the use-
fulness of the Nielsen identities within those gauges that
provide a nonvanishing VEV, e.g., Rξ gauges, or the
gauge-fixing procedure in general. In particular the re-
sults of the gauge-variant n-point functions of the elemen-
tary fields computed in common gauges will be of central
importance in the FMS approach. Taking all such terms
appearing on the right-hand side of the FMS expansion
into account will allow to enhance usual perturbative cal-
culations to a gauge-independent framework operating on
in principle nonperturbative bound states.
oretical facts are known for a long time, the actual phe-
nomenological consequences of the higher-order terms in-
duced by the FMS mechanism are barely investigated in
the literature. Here, we will improve on this situation
substantially. In the following, we will analyze the struc-
ture of the bound state propagator of a gauge-invariant
description of the Higgs. In Sec. II, we will first per-
form the FMS expansion to all orders. Then, we em-
ploy a consistent loop expansion to all terms obtained
from the FMS expansion in Sec. III. After a brief re-
capitulation of the renormalization procedure and the
(un-)physical properties of the elementary Higgs propa-
gator in Sec. IV, we show in Sec. V that a gauge-invariant
structure arranges in a natural way among the different
terms of the FMS expansion albeit every individual term
is gauge dependent. Subsequently, we demonstrate that
phenomenological deviations from the usual treatment of
the Higgs are present, but relatively small.
In Sec. VI, we benchmark the perturbative descrip-
tion of the gauge-invariant bound state operator via the
FMS prescription with nonperturbative lattice simula-
tions within the gauge-Higgs subsector of the standard
model. Specifically, we test as to whether the pertur-
bative treatment of the right-hand side of the FMS ex-
pansion is able to capture all relevant information of the
bound state operator or under which circumstances non-
perturbative effects might spoil the perturbative treat-
ment.
II. GAUGE-INVARIANT DEFINITION OF THE
HIGGS EXCITATION AND FMS MECHANISM
A strict gauge-invariant formulation is desired for any
observable of a gauge theory. Over the past years, over-
whelming evidence has been accumulated that the scalar
particle with a mass of ∼125 GeV observed in 2012 can
be in some sense related to the standard-model Higgs bo-
son. It is directly affected by electroweak processes but
only indirectly, e.g., via loop processes, to the strong in-
3teraction. Field-theoretically, however, the excess in the
invariant mass cross section cannot be caused by the el-
ementary Higgs field as this field necessarily carries an
unobservable non-Abelian gauge charge and some of its
properties depend on the gauge. Nevertheless, consid-
ering the Higgs sector of the standard model, we can
straightforwardly build a scalar bound state operator
from the usual scalar doublet φ which is invariant with
respect to the standard model gauge group, namely φ†φ.
In general, a nonperturbative method is required to
analyze the properties of this genuinely nonperturbative
object. In contrast to QCD, however, the electroweak
sector is a non-Abelian gauge theory with a BEH mech-
anism which leads to a convenient simplification of this
bound state operator according to FMS [10, 11]. Suppose
the potential of the scalar doublet has nontrivial minima.
Then, we introduce a shifted doublet ϕ to investigate ex-
citations around one of these minima as usual,
φ(x) = v√
2
φ0 + ϕ(x) (1)
where v is the modulus of the field configuration that
minimizes the Higgs potential and φ0 is some unit vector
in gauge space. Within the standard model, all minima
belong to the same gauge orbit. Picking one particular
representative, e.g., the common choice φa0 = δa2, cor-
responds to a gauge choice already at the classical level.
Thus, also the identification of 〈φ〉 = v√2φ0, i.e., the iden-
tification of the minimizing field configuration with the
VEV of the scalar field, corresponds to a gauge choice and
is only meaningful within this particular gauge. After the
gauge is fixed, we can extract the elementary Higgs field
and the would-be Goldstone modes which mix with the
longitudinal parts of the gauge bosons from the fluctu-
ations ϕ around the minimum. In a covariant formu-
lation, they can be expressed as h =
√
2Re(φ†0ϕ) and
ϕ˘ = φ − Re(φ†0φ)φ0, respectively. In the following, we
will use the standard Rξ gauge-fixing condition in which
the minimum selection process is already implemented
by hand when it comes to an actual calculation.
Choosing a gauge condition that implements a nonva-
nishing VEV for the scalar field, leads to a convenient
treatment of electroweak bound state operators. Within
such a gauge, the scalar operator |φ|2 can be rewritten
as
φ†φ = v
2
2 + vh+ ϕ
†ϕ (2)
via the split defined in Eq. (1). Viewing the right-hand
side of Eq. (2) as an expansion in the fluctuations over the
characteristic scale of electroweak physics and ignoring
the unimportant constant term, we find that at nontrivial
leading order in the expansion parameter ϕ/v the prop-
erties of the gauge-invariant operator |φ|2 are described
by the gauge-dependent elementary Higgs field h. In the
following, we will show that this term provides indeed the
dominant contribution from the phenomenological view-
point. However, the next-to-leading order term |ϕ|2 is
important to render the full Green’s function structure
gauge invariant.
All physical information of the bound state operator
|φ|2 is encoded in its n-point functions. Studying the
FMS expansion of the operator at the level of the prop-
agator, we are able to rewrite the connected two-point
function,
〈(φ†φ)(x) (φ†φ)(y)〉 = v2〈h(x) h(y)〉+ 2v〈h(x) (ϕ†ϕ)(y)〉
+ 〈(ϕ†ϕ)(x) (ϕ†ϕ)(y)〉, (3)
where we have used that the propagators depend only on
the distance |x − y|. Thus, the FMS approach reduces
the problem of calculating the propagator of an involved
bound state operator to the computation of connected
n-point functions of elementary fields. In particular, this
allows for a perturbative access to bound state informa-
tion by performing a loop expansion on the right-hand
side. Further note that on the right-hand side every in-
dividual term is gauge dependent and can only be defined
within the specifically chosen gauge. However, the sum of
all the terms has to be gauge-invariant by construction.
This will be explicitly demonstrated at the one-loop level
in the next sections.
Based on the FMS expansion of the scalar operator
|φ|2, it is not surprising that the bound state propaga-
tor can be approximated by the elementary Higgs prop-
agator at leading order. The two higher-order terms in
Eq. (3), the three-point function ∼v and the four-point
function ∼v0, are neglected within conventional calcula-
tions. Their computation can be done with similar effort.
In the following, we will concentrate on their importance
regarding physical properties of the Higgs boson.
Switching to momentum space, we parameterize the
three terms on the right-hand side of Eq. (3) as follows.
The connected Higgs two-point function can be written
as a geometric series where terms induced by quantum
corrections are encoded in the self-energy function Σ0,
〈h(p)h(−p)〉 = i
p2 −m2h − Σ0(p2)
. (4)
The subscript 0 at the Higgs self energy Σ0 denotes that
this term originates from the leading order term with re-
spect to the FMS expansion. In general, Σ0 not only
contains one-particle-irreducible (1PI) contributions but
also tadpole diagrams attached to the propagators due
to the breaking of local gauge invariance via gauge fix-
ing. These emerge if the split (1) of the scalar field does
not properly take the quantum corrections to the Higgs
VEV into account, e.g., by choosing a minimum of the
classical instead of the quantum effective potential as an
expansion point. In such a case, the tadpole diagrams ef-
fectively shift the masses of the elementary fields account-
ing for these loop effects and contribute as momentum-
independent terms which can be trivially included in the
self energy. Performing the split at the minimum of the
quantum effective potential removes these contributions.
Of course, this can always be achieved by suitable renor-
malization conditions. In a scheme for which 〈h〉 = 0,
4〈hh〉:
〈h |ϕ|2〉: +
〈|ϕ|2 |ϕ|2〉: +
+2 +
Figure 1. Diagrammatic sketch of the three Green’s functions
appearing due to the FMS expansion of the propagator of
the gauge invariant operator |φ|2, see Eq. (3). Small white
blobs denote |ϕ|2 insertions. Gray circles encode tree level
plus all possible loop corrections. For instance, a grey circle
with one or two dashed lines attached indicates the sum of
all tadpole diagrams or the full elementary Higgs propagator,
respectively. Amputating the full external Higgs propagators
at the two diagrams in the second line, i.e., the diagrammatic
representation of 〈h |ϕ|2〉, gives the two contributions to Σ1
which are denoted by γ(1,1) and 〈h〉.
i.e., the VEV is fixed to its classical value, Σ0 contains
the standard 1PI diagrams only. Leaving the scheme for
the moment unspecified, we will approximate Σ0 by all
diagrams up to a given loop order that are 1PI plus corre-
sponding tadpole attachments, cf. Eq. (8) for a one-loop
approximation.
The three-point function appearing at next-to-leading
order in the FMS expansion, can be viewed as the sum
of all tadpole diagrams with suitable insertions of the
composite operator ϕ†ϕ. It will be convenient to define
〈h(p) (ϕ†ϕ)(−p)〉 = i
p2 −m2h − Σ0(p2)
Σ1(p2), (5)
where the loop-induced function Σ1, encoding the am-
putated contributions, can be further divided into two
subgroups of diagrams, Σ1 = γ(1,1) + 〈h〉, see Fig. 1.
Within the second subgroup (〈h〉), the (amputated) ex-
ternal h-field propagator is directly attached to the com-
posite operator insertion 12h2 (note: ϕ†ϕ =
1
2h
2 + ϕ˘†ϕ˘).
Then, a tadpole diagram has to be attached to the re-
maining line of the operator insertion, see the second
diagram in the second line of Fig. 1. Thus, we obtain
a momentum-independent contribution to Σ1 from these
diagrams given by 〈h〉(0). The other subgroup contains
those diagrams where the tadpole bubble contains at
least one internal scalar line at which we have a |ϕ|2 in-
sertion giving a nontrivial momentum contribution. Us-
ing a scheme that implements 〈h〉 = 0, we only have to
consider the subgroup of diagrams that are 1PI with an
appropriate operator insertion, i.e., Γ(1,1)(p2) where Γ
denotes the effective action (generating functional of all
1PI diagrams) and we define the upperscripts according
to
Γ(n1,n2) =
(
δ
δK
− vh− 12v
2
)n2( δ
δh
)n1
Γ
∣∣∣∣
0
. (6)
Here, we have introduced K as the source term for the
gauge-invariant composite operator |φ|2, i.e., we mod-
ify the action according to SSM → SSM +
∫
x
K φ†φ.
Thus, the operator (δK − vh − v2/2) generates the re-
quired composite operator insertions |ϕ|2. In a general
scheme where the 1PI tadpole diagrams 〈h〉1PI ≡ Γ(1,0)
are nonvanishing, we also have to take tadpole diagrams
attached to the internal lines of the diagrams generated
by Γ(1,1) into account. We label these contributions
by γ(1,1). Thus, choosing the renormalization condition
Γ(1,0) = 0 will simplify the occurring structures as we
have Σ1 = Γ(1,1) in this particular case. Using this no-
tation, we may express γ(2,0) = p2 − m2h − Σ0 as the
full inverse propagator including tadpole graphs. Corre-
spondingly, Σ0 = Γ(2,0) − p2 + m2h if Γ(1,0) = 0 is imple-
mented.
In the same spirit, we may view the four-point function
〈(ϕ†ϕ)(p) (ϕ†ϕ)(−p)〉= iΣ2(p2)
= γ(0,2)(p2) +
(
Σ1〈hh〉Σ1
)
(p2) (7)
as the sum of all vacuum bubbles with at least one in-
ternal scalar line to account for two insertions of the
composite operator |ϕ|2. The subscripts at Σ1 and Σ2
indicate that these loop contributions appear at next-
to-leading and next-to-next-to-leading order of the FMS
expansion, respectively. Also the function Σ2 can be
divided into two contributions originating from differ-
ent classes of diagrams, see the second line of Eq. (7).
The first class described by γ(0,2) reduces to all dia-
grams generated by Γ(0,2) if the renormalization con-
dition Γ(1,0) = 0 is chosen. If not, it encodes all dia-
grams that are 1PI with two |ϕ|2 insertions plus poten-
tial tadpole diagrams attached to internal propagators
as in the previous cases. The second class is a non-
1PI contribution where we find the operator insertions
separated in two distinct structures given by Σ1 where
both are connected via an internal propagator. A dia-
grammatic representation can be found in the third and
fourth row of Fig. (1). There, the first diagram describes
γ(0,2) while the remaining three diagrams are given by
(Σ1)2〈hh〉. Further note that only the first diagram con-
tains a one-loop contribution while the remaining dia-
grams start at two-loop order. Implementing Γ(1,0) = 0
gives iΣ2(p2) = Γ(0,2)(p2) +
(
Γ(1,1)(p2)
)2(Γ(2,0))−1(p2).
5III. ONE-LOOP APPROXIMATION
After these general formal considerations, we will re-
strict actual computations to the one-loop level through-
out this paper. Using dimensional regularization, we ob-
tain for the three unrenormalized functions Σ0, Σ1, and
Σ2 within this approximation:
Σ1l0 (p2) =
Γ
(
1− d2
)
(4pi) d2
1
v2
[
−3mdh − 4(d− 1)mdW − 2(d− 1)mdZ + 3dγ
∑
f
NCfm
d
f − 2p2md−2W − p2md−2Z
]
+ 1
v2
[
− 92m
4
h `B(m2h)−
(
p4 − 4m2Wp2 + 4(d− 1)m4W
)
`B(m2W)
− 12
(
p4 − 4m2Zp2 + 4(d− 1)m4Z
)
`B(m2Z) + (d− 1)dγ
∑
f
NCfm
2
f `F(m2f )
]
+ 1
v2
[
Γ
(
1− d2
)
(4pi) d2
(p2 −m2h)
[
2(ξm2W)
d
2−1 + (ξm2Z)
d
2−1
]
+ (p4 −m4h)
[
`B(ξm2W) +
1
2`B(ξm
2
Z)
]]
, (8)
Σ1l1 (p2) =
Γ
(
1− d2
)
(4pi) d2
1
2v
[
− 3md−2h − 4(d− 1)
mdW
m2h
− 2(d− 1)m
d
Z
m2h
+ 2dγ
∑
f
NCf
mdf
m2h
]
− 12v 3m
2
h`B(m2h)
+
Γ
(
1− d2
)
(4pi) d2
1
2v
[
− 2(ξm2W)
d
2−1 − (ξm2Z)
d
2−1
]
+ 12vm
2
h
[
− 2`B(ξm2W)− `B(ξm2Z)
]
, (9)
Σ1l2 (p2) = −
1
2
[
`B(m2h) + 2`B(ξm2W) + `B(ξm2Z)
]
. (10)
Here, we have used the abbreviations
`B(m2) =
Γ
(
2− d2
)
(4pi) d2
∫ 1
0
dx
(
m2 − (x− x2)p2
) d
2−2
,
`F(m2) = −
Γ
(
1− d2
)
(4pi) d2
∫ 1
0
dx
(
m2 − (x− x2)p2
) d
2−1
encoding one-loop integrals containing two bosonic or two
fermionic lines, respectively. The sums over the index f
run over all fermion flavors and NCf = 3 for quarks and
NCf = 1 for leptons. For convenience, we have chosen
the same gauge-fixing parameter for the W and Z gauge
field, ξ ≡ ξW = ξZ. Of course, all following cancellation
mechanisms work for distinct gauge-fixing parameters as
well. A diagrammatic representation of the one-loop ap-
proximations can be found in Fig. 2. The result for Σ1l0
can, of course, be found in the literature, e.g., see [27]
where it is expressed in terms of the Passarino-Veltman
functions. As we have not specified any renormalization
scheme yet, we explicitly included tadpole graphs. In or-
der to extract only the 1PI information, we may use the
one-loop relations Σ1l0 = iΓ(2,0)1l − 3v iΓ(1,0)1l − p2 + m2h
and Σ1l1 = Γ(1,1)1l− 1m2h iΓ
(1,0)1l where the tadpole contri-
butions read,
iΓ(1,0)1l =
Γ
(
1− d2
)
(4pi) d2
1
v
[
3
2m
d
h + 2(d− 1)mdW
+ (d− 1)mdZ − dγ
∑
f
mdf
+m2h(ξm2W)
d
2−1 + 12m
2
h(ξm2Z)
d
2−1
]
. (11)
Terms that explicitly depend on the gauge-fixing param-
eter ξ are separated in the last lines of Eqs. (8), (9),
and (11) as well as in the last two terms of Eq. (10). For
later purpose, we also define quantities with a tilde which
denote the original quantity minus any contribution com-
ing from modes that carry a ξ-dependent mass term, i.e.,
Σ˜1l0 = Σ1l0 −(last line of Eq. (8)), Σ˜1l1 = Σ1l1 −(last line of
Eq. (9)), Σ˜1l2 = − 12`B(m2h).
IV. ELEMENTARY HIGGS PROPAGATOR
Before we discuss the properties of the gauge-invariant
bound state operator in detail, we briefly recapitulate
some properties of the elementary Higgs propagator.
6h, '˘±, '˘0
Figure 2. Diagrammatic representation of Σ0, Σ1, and Σ2 at one-loop order given in Eqs. (8)-(10). The one-loop contributions
to the Higgs self-energy Σ0 are given in the first two rows. The first five diagrams in the last row depict Σ1l1 while the last
diagram shows Σ1l2 . Small white blobs denote ϕ†ϕ insertions.
A. Renormalization
First, we have to introduce counterterms to absorb
the UV divergencies in the d → 4 limit. As dictated
by the general perturbative renormalization procedure,
the divergent parts only appear in powers of the exter-
nal momentum p2. At the level of the two-point func-
tion, we expect terms being ∼p0cd−4 and ∼p2cd−4, where
cd−4 = 2d−4 − γE + ln(4pi), which can be absorbed by
the mass and wave function counterterms, respectively.
Studying the one-loop contributions to Σ0 this is cer-
tainly the case. At first sight, it seems that additional
divergent terms ∼p4 appear due to gauge boson loops,
e.g., p4`B(m2W), p4`B(ξm2W), · · · . However, the sum of
all these contributions is UV finite, i.e., the cd−4p4 de-
pendence cancels precisely for any ξ. This is expected as
we work in a perturbatively renormalizable gauge. As a
side remark, the whole term ∼p4 is absent in case of ξ = 1
(Feynman-’t Hooft gauge). Summarizing, the divergent
part of Σ1l0 reads,
Σ1l0,div =
cd−4
16pi2v2
{[
(3− ξ)(2m2W +m2Z)−
dγ
2
∑
f
m2f
]
p2
−
[
3m4h − (2ξm2W + ξm2Z)m2h
]}
.
The divergent term quadratic in the external momen-
tum can be removed by the renormalization parameter
of the scalar kinetic counterterm δZ |∂µφ|2. For the mo-
mentum independent part, we have more freedom due
to the breaking of the gauge structure via gauge fixing.
In the pure scalar sector, this breaking technically man-
ifests in the same way as for a scalar field theory with
spontaneously broken global symmetry. Thus, the mass
and quartic coupling counterterm δmφ†φ− δλ2 (φ†φ)2 can
be fixed via various Green’s functions as can be seen by
inserting the split (1) into the counterterm Lagrangian.
Then, the counterterm Lagrangian of the pure Higgs sec-
tor reads,
LH,c.t. =
(
δm − v
2
2 δλ
)
vh
+ 12
(
δm − 3v
2
2 δλ
)
h2 +
(
δm − v
2
2 δλ
)
ϕ˘†ϕ˘
− δλv(h3 + 2hϕ˘†ϕ˘)− δλ8 (h
2 + 2ϕ˘†ϕ˘)2 (12)
where we have omitted the kinetic term as it translates
trivially. Independently which two of the (n≤4)-point
functions of the Higgs excitation h or the would-be Gold-
stone bosons ϕ˘ we choose to determine the two renormal-
ization parameters δm and δλ, all of them will become UV
finite due to the underlying symmetry. As we focus our
analysis on the Higgs propagator as this is the leading
order term of the FMS expansion and the only n-point
function appearing on the right-hand side without an ad-
ditional operator insertion, it will be most convenient for
7our purposes to fix one of the two parameters via 〈hh〉.
Without loss of generality, we choose δm and leave δλ ar-
bitrary for the moment. Using this choice and including
the counterterms, the renormalized self-energy reads at
the one-loop level,
Σ0 = Σ1l0 − δZp2 −
[
δm − 32v
2δλ
]
+ 3
v
(
vδm − 12v
3δλ
)
= Σ1l0 − δZp2 + 2δm. (13)
In the first line, we have explicitly illustrated the
momentum-independent counterterm contributions com-
ing from the 1PI diagram in square brackets, i.e., from
the term ∼h2 in Eq. (12), and from the one-particle re-
ducible tadpole diagram (∼h in Eq. (12)) in parantheses.
Of course, the removal of the UV divergent parts can
be done via different renormalization strategies. Most
common for high-order computations are the MS and MS
scheme such that the counterterms remove the pole ∼ 1d−4
or the terms ∼cd−4, respectively. For our purposes, how-
ever, a pole/on-shell scheme is more appropriate. Within
these schemes, the finite parts of the counterterms are
chosen in such a way that the renormalized parameters
coincide with physical parameters. This can be achieved
to all orders in perturbation theory.
The on-shell scheme can be straightforwardly imple-
mented for stable particles. However, the extraction of
the mass and width of an unstable particle as the SM
Higgs boson is involved in a gauge theory. In particu-
lar, it can be proven that the on-shell mass and width
may become gauge-dependent in next-to-next-to-leading
order of the perturbative expansion spoiling any physi-
cal interpretation of the two quantities [28–31]. In order
to circumvent this obvious problem, different strategies
have been developed. A useful generalization is given
by the complex mass scheme which can be viewed as an
analytical continuation of the on-shell scheme by intro-
ducing complex renormalization constants and choosing
the complex pole of the two-point function as a renormal-
ization point [32–36]. This provides a gauge-parameter
independent renormalization condition for the mass of
an unstable particle within the class of Rξ gauges as the
complex pole does not depend on the gauge-fixing pa-
rameters.
More precisely, we demand Σ0(p2 = m2h) = 0 and
Σ′0(p2 = m2h) = 0, m2h ∈ C, to implement the complex
mass scheme where the prime denotes differentiation with
respect to p2.2 Defining m2h = M2h − iMhΓh, and con-
sidering the real and imaginary part of the renormalized
self energy separately, the pole mass Mh and width Γh
2 Note that the imaginary parts of the renormalized parameters
and the counterterms are related to render the bare parameters
real valued and, thus, the action unitary. For instance, the mass
counterterm has to fulfill the consistency condition Im 2δm =
−Imm2h. Further note that the Cutkosky cutting rules are not
valid within this scheme [37].
can be obtained from
Re Σ0(m2h) = 0 and MhΓh = −Im Σ0(m2h). (14)
Using these two quantities to define the physical mass
and width of the unstable Higgs particle provides a
gauge-parameter independent definition within a pertur-
bative approximation.
An expansion of Σ0(m2h) around M2h in Eq. (14) and
considering only terms up to O(Γh) leads to the defini-
tion of the on-shell mass and width. Thus, the on-shell
quantities might be viewed as the narrow width approxi-
mation of the pole quantities. In contrast to the complex
mass scheme, the on-shell scheme is defined by
Re
[
Σ0(p2 = m2h)
]
= 0, Re
[
Σ′0(p2 = m2h)
]
= 0 (15)
for real-valued m2h = M2h ∈ R. Implementing this
scheme, we obtain for the inverse resummed elementary
Higgs propagator at the one-loop level
i〈hh〉−1(p2) =
(
1 + Re Σ1l ′0 (m2h)
)
(p2 −m2h)
− Σ1l0 (p2) + Re Σ1l0 (m2h). (16)
The extraction of either the mass for a stable particle
(Σ0(m2h) ∈ R) or of the mass and width of an unstable
particle is straightforward within this scheme. The phys-
ical mass can be identified with the parameter mh = Mh
and the width is encoded in the imaginary part of the
self energy,
Γh = − 1
mh
Im Σ0(m2h)
1− Re Σ′0(m2h)
. (17)
As the ratio Γh/Mh is indeed small for the standard-
model Higgs boson, Eqs. (16) and (17) are sufficiently
good approximations for its description at one-loop order.
B. Gauge-(in)dependent properties
As one can directly infer from the one-loop approxima-
tion, the pole of the Higgs propagator is gauge-parameter
independent at lowest order in the perturbative expan-
sion as ∂ξΣ1l0 (m2h) = 0. That this statement holds to all
orders in the perturbative expansion is ensured by the
Nielsen identities [22, 23]. This might lead to the conclu-
sion that the mass extracted from the Higgs propagator
is gauge-invariant and thus a physical observable. Nev-
ertheless, we would like to emphasize at this point that
the Nielsen identities merely show the gauge-parameter
independence within a specific (and widely used) class
of gauges. Other gauges than Rξ gauges can be chosen
such that the elementary Higgs field propagator does not
show such particle-like properties and nonperturbative
methods are required to extract physical information of
the system [11]. Furthermore, the residue of the pole
of the Higgs is in general not gauge independent. This
8is in contrast to the massive elementary gauge bosons
where it can be shown that the residues of the Z and
W± bosons are gauge parameter free to all orders and a
gauge parameter invariant definition of partial widths is
possible [38]. For the Higgs this is not the case as can be
directly inferred from the one-loop approximation, i.e.,
∂ξΣ1l0
′(m2h) 6= 0. A detailed discussion of this fact was
done within the context of an Abelian-Higgs model [24].
However, this is not a problem at a practical level as
this gauge-parameter dependence does not contribute to
any physical S-matrix element [39]. Moreover, it is pos-
sible to fix a scheme such that the residue becomes ξ-
independent by absorbing the ξ dependence in the wave
function counterterm as in the complex mass scheme.
In addition, other quantities that are extracted from
the two-point function and would define the properties
of a physical state are gauge dependent. For instance,
let us briefly discuss the characteristics of the spectral
density ρ defined via
〈h(p)h(−p)〉 =
∞∫
0
dm2 ρ(m
2)
p2 −m2
which will obviously depend on the gauge-fixing param-
eter ξ. A detailed discussion of this feature can be found
in Refs. [24, 25] for the Abelian Higgs model. Here, we
observe similar properties albeit having a more involved
structure due to the extended field content, see Fig. 3.
First of all, we observe an expected peak at the Higgs
mass whose width is dominated by the strength of the
bottom Yukawa coupling. Further, we find nontrivial
structures starting at the respective thresholds of the var-
ious observed particle masses.3 However, we find addi-
tional unphysical structures associated with fluctuations
of mass
√
ξmW/Z which can be identified by varying the
gauge fixing parameter ξ. This effect is most apparent for
ξ < 1. In this case, we obtain one-loop contributions al-
ready below the lowest physical mass threshold at 2mW
within the pure bosonic sector of the standard model.
Even worse, for some values ξ the spectral function be-
comes negative. Neglecting for a moment any fermionic
fluctuations, we find that the spectral density ρ becomes
negative at large momentum for a sufficient small gauge-
fixing parameter (ξ < 3). This is in agreement with
3 Note that these physical scales need a gauge-invariant descrip-
tion as well. Again, the original FMS work showed that gauge-
invariant bound states can be constructed for the electroweak
gauge bosons as well as the standard model fermions which map
to their elementary counterparts in the same spirit as for the
Higgs. Thus, the mass scales set by the W and Z bosons as well
as the leptons can be described in an appropriate fashion. For
quarks the situations is more involved due to the additional non-
Abelian color charge such that physical particle scales are set by
meson and baryon masses. Taking such nontrivial hadronization
effects into account is clearly beyond the scope of this work and
we only remain with electroweak gauge-invariant structures in
the following.
Figure 3. Spectral density of the elementary Higgs field for
different values of the gauge-fixing parameter ξ. We depict
the spectral function for ξ = 1 (red dotted line), ξ = 2 (green
dash-dotted line), and ξ = 10 (blue dashed). The vertical
gray dashed lines indicate the mass thresholds at 2mW, 2mZ,
2mh, and 2mtop from left to right.
the situation in the Abelian Higgs model.4 Including
fermionic contributions, top quark fluctuations allevi-
ate nonpositivity issues in the large momentum regime.
However, we still observe positivity violations at inter-
mediate scales below 2mtop for ξ . 1.8. For gauges with
larger ξ, top contributions seem to cure positivity vio-
lations induced by longitudinal gauge boson and Gold-
stone modes. This is due to the fact that the dominant
impact of these unphysical modes is only over a sufficient
small momentum range in this case. Below
√
ξmW they
decouple while the strong top Yukawa coupling prevent
that the spectral density becomes negative above the top
threshold, e.g., compare the red dotted (ξ = 1) and green
dash-dotted line (ξ = 2) in Fig. 3. Nevertheless, we have
to state the following: Although the elementary Higgs
field propagator encodes some gauge parameter indepen-
dent contributions, a full momentum dependent analysis
reveals its unphysical nature spoiling any physical inter-
pretation as a single particle due to the underlying non-
Abelian gauge structure similar to the case of quarks and
gluons within QCD.
Of course, the gauge-parameter dependence of the ele-
mentary Higgs propagator and the presence of unphysical
thresholds is known for a long time. However, this seems
not to be a problem at first sight. The Higgs is unstable
within the standard model and occurs only as an inter-
mediate resonance. Once a physical S matrix element
is calculated, the gauge-parameter dependence of inter-
nal Higgs propagators will be canceled by propagator-like
pieces of certain vertex and box diagrams [41–43]. Taking
these processes into account, a ξ-independent definition
4 During the completion of this work, another analysis of the spec-
tral function within an SU(2) Higgs model further substantiates
this fact [40].
9of the Higgs self-energy can be defined via the pinch tech-
nique [44, 45]. Neglecting any contributions with trivial
external momentum dependence (tadpole and seagull di-
agrams), the Higgs self-energy computed via the pinch
technique reads
Σ1l0,pin =
1
v2
[
− 92m
4
h `B(m2h)
−
(
m4h + 4m2W + 3(d− 1)m4W − 8m2Wp2
)
`B(m2W)
− 12
(
m4h + 4m2Z + 3(d− 1)m4Z − 8m2Zp2
)
`B(m2Z)
+ (d− 1)dγ
∑
f
NCfm
2
f `F(m2f )
]
. (18)
Obviously, the issue of unphysical thresholds of the prop-
agator/spectral density will be cured by this strategy. In
general, the pinch technique is a powerful tool to address
perturbative gauge-invariance of calculations within non-
Abelian gauge theories. Nonetheless, it still leaves some
unsatisfactory open questions from a field theoretical per-
spective. First of all, the cancellation of the ξ-dependent
terms via the involved interplay of propagator, vertex,
and box diagrams works for any process where the ele-
mentary Higgs appears as an intermediate state. How-
ever, consider a model where the Higgs is a stable particle
and the process where we have a Higgs as an asymp-
totic in- and out-state described by the (unpinched) ele-
mentary Higgs propagator. This object would still have
the usual gauge-parameter dependence. Of course, this
scenario is not realized within the standard model but
the pinch technique Higgs propagator has another prob-
lem which is shared with its gauge-dependent counter-
part. The spectral density still has negative contribu-
tions which appear in a similar fashion as for the ξ = 1
case in Fig. 3. In the following section we will demon-
strate that the gauge-invariant FMS formulation of the
Higgs particle in terms of a bound state will solve this
issue. Additionally, physical cross sections computed by
the FMS formalism and the (pinch technique) elementary
Higgs propagator are in good agreement for low momenta
which is consistent with the success of the latter method
to describe present collider experiments.
V. BOUND STATE PROPAGATOR
After this recapitulation of the elementary Higgs prop-
agator, we will now consider the properties of the scalar
bound state operator φ†φ. First, we observe that the
bound state propagator is gauge parameter independent
up to one-loop order if we include all terms of the FMS
expansion, see Eq. (3). More precisely, we restrict the
n-point functions defined in Eqs. (4), (5), and (7) to
their tree and one-loop representations and plug them
into Eq. (3). Using the approximations (8)-(10) for the
three functions Σ0, Σ1, and Σ2 and inserting unities of
the form (p2 − m2h)n/(p2 − m2h)n in front of the terms
∼Σn, we obtain
〈(φ†φ)(p) (φ†φ)(−p)〉 = i
p2 −m2h
+
{
Γ
(
1− d2
)
(4pi) d2
[
− 3p2md−2h − 2p2
(
1 + 2(d− 1)m
2
W
m2h
)
md−2W − p2
(
1 + 2(d− 1)m
2
Z
m2h
)
md−2Z
+ dγ
∑
f
NCf
(
mdf + 2p2
mdf
m2h
)]
− 12(p
2 + 2m2h)2`B(m2h)
−
(
p4 − 4m2Wp2 + 4(d− 1)m4W
)
`B(m2W)−
1
2
(
p4 − 4m2Zp2 + 4(d− 1)m4Z
)
`B(m2Z)
+ (d− 1)dγ
∑
f
NCfm
2
f `F(m2f )
}
i
(p2 −m2h)2
+O(~2) (19)
where we have separated the tree-level contribution in
the first line while the one-loop contributions are given
in the remaining lines. This important but trivial re-
sult was expected due to the construction of the bound
state operator as a gauge charge singlet with respect
to the standard model gauge group. Thus, all gauge-
parameter dependent contributions of each single term
on the right-hand side of the FMS expansion have to
cancel within consistent (non)perturbative approxima-
tion schemes. In particular, we have 0 = ∂ξ〈|φ|2 |φ|2〉 =
∂ξ(v2〈hh〉)+∂ξ(2v〈h |ϕ|2〉)+∂ξ〈|ϕ|2 |ϕ|2〉. Going to some
fixed order on the right-hand side, the gauge-parameter
dependent terms have to be constrained by this identity,
ensuring gauge-invariance once all terms of the FMS ex-
pansion are considered.
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A. Renormalization
Considering the three terms on the right-hand side of
the FMS expansion, each term, the elementary Higgs
propagator as well as the two terms with composite oper-
ator insertions, is separately UV divergent. Basically, we
follow the standard formalism to renormalize the higher-
order terms of the FMS expansion, i.e., n-point functions
containing composite operators. However, a few com-
ments are in order due to the symmetry breaking via
gauge fixing which relates counterterms as in case of the
elementary field.
A straightforward strategy to render the bound state
propagator 〈(φ†φ) (φ†φ)〉 finite within the FMS ap-
proach is given by renormalizing each term appearing on
the right-hand side of the FMS expansion individually.
The renormalization procedure for the elementary Higgs
propagator 〈h h〉 was discussed in Sec. IVA. For the next
term in the expansion, 〈h |ϕ|2〉, we may use an addi-
tional counterterm/wave function renormalization intro-
duced in the source term accounting for a composite op-
erator insertion Kφ†φ → Z|φ|2Kφ†φ = (1 + δ|φ|2)Kφ†φ.
Within a system with vanishing v, one would fix this ad-
ditional counterterm by imposing a renormalization con-
dition on 〈φ(x)φ†(y) |φ|2(z)〉. In case the scalar field ac-
quires a nonvanishing VEV, i.e., the O(4) symmetry of
the pure Higgs sector is broken via gauge-fixing, we may
use any n-point function containing the composite oper-
ator ϕ†ϕ and either two elementary Goldstone fields or
up to two elementary Higgs fields, e.g., 〈h(x)h(y)|ϕ|2(z)〉,
〈ϕ˘±/0(x)ϕ˘∓/0(y)|ϕ|2(z)〉, or 〈h(x)|ϕ|2(y)〉. This is analo-
gous to the determination of δm and δλ for the elementary
Higgs propagator in the broken regime. Independently
which option we choose, all other n-point functions with
one composite operator insertion |ϕ|2 are fixed and UV
finite due to the underlying symmetry.
For our purposes it is obviously most convenient to
choose 〈h |ϕ|2〉. Actually, the counterterm δ|φ|2 only has
to absorb the UV divergency of the 1PI part Γ(1,1) while
the common tadpole counterterms take care of possible
tadpole contributions attached to the 1PI diagrams if a
scheme is used where 〈h〉 6= 0. Nevertheless, in order to
fix the finite part of δ|φ|2 , it does not matter if we impose
the renormalization condition on Γ(1,1) or the function Σ1
on a practical level as the finite parts of the tadpoles give
only momentum independent contributions to any order
in the loop expansion. A convenient choice is given by
either Re Σ1(p2 = m2h) = 0 or Re Γ(1,1)(p2 = m2h) = 0
(on-shell scheme, mh ∈ R). Extending the complex
mass scheme (mh ∈ C) to the case of composite op-
erators, we could also choose Σ1(p2 = m2h) = 0 or
Γ(1,1)(p2 = m2h) = 0. Of course, other schemes such as
MS are feasible as well.
Performing a one-loop approximation to make these
considerations more explicit, i.e., 〈h |ϕ|2〉 = i
p2−m2h
Σ1l1 +
O(~2), we obtain,
Σ1 = Σ1l1 + vδ|φ|2 +
v
m2h
(
δm − v
2
2 δλ
)
= Γ(1,1)1l + vδ|φ|2 − i
m2h
[
Γ(1,0)1l + ivδm − iv
3
2 δλ
]
.
(20)
Here, we clearly see that the term in square brackets,
coming from the tadpole contributions attached to the
composite operator insertion, is already UV finite due to
the renormalization of the n-point functions without any
|ϕ|2 insertion. In the following, we will impose the renor-
malization condition Re Γ(1,1)(p2 = m2h) = 0 within the
on-shell scheme implying vδ|φ|2 = −Re Γ(1,1)1l(p2 = m2h).
This is justified by the fact that we still have Γh/Mh  1
and we do not expect any gauge-dependent artifacts
which usually spoil the applicability of the on-shell
scheme at higher loop orders.
Finally, we have to discuss the renormalization of the
highest order term of the FMS expansion, 〈|ϕ|2 |ϕ|2〉.
The function Σ2 or rather Γ(0,2) is divergent already in
free field theory. Therefore, we need an additional renor-
malization. Following our previous strategy, we impose
the renormalization condition Re Γ(0,2)(p2 = m2h) = 0
which is consistent with the tree level approximation.
Thus, we have at the one-loop level (Σ1l2 = Γ(0,2)1l),
Σ2(p2) = Σ1l2 (p2)− Re Σ1l2 (m2h). (21)
This procedure is sufficient to renormalize all the struc-
tures by treating the gauge-invariant bound state prop-
agator within the FMS approach. Therefore, we could
proceed to extract physical information. Before doing so,
however, we want to discuss a few particularities which
are not present in other systems (due to the lack of the
FMS expansion/BEH mechanism) by slightly changing
the perspective on the calculation.
For this, let us plainly write down all counterterms say
at the one-loop level and ignoring that they originated
from three individual contributions.
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〈(φ†φ)(p) (φ†φ)(−p)〉 = iv
2
p2 −m2h
+ iv
2
p2 −m2h
Σ1l0 − δZp2 + 2δm
p2 −m2h
+ i2v
p2 −m2h
(
Σ1l1 + vδ|φ|2 +
v
m2h
(
δm − v
2
2 δλ
))
+ i
(
Σ1l2 − δ˜|φ|2
)
+O(~2)
= (rhs. of Eq (19)) + i(p2 −m2h)2
[
(v4δλ − 2v2m2hδ|φ|2 −m4hδ˜|φ|2)p0
+
(
− v2δZ + 2 v
2
m2h
δm − v
4
m2h
δλ + 2v2δ|φ|2 + 2m2hδ˜|φ|2
)
p2 − δ˜|φ|2p4
]
, (22)
where we have introduced δ˜|φ|2 which accounts for the
renormalization of 〈|ϕ|2 |ϕ|2〉 within our previous consid-
eration, i.e., we had δ˜|φ|2 = Re Σ1l2 (m2h) but leave this
renormalization constant unfixed for the moment. From
the unrenormalized result given in Eq. (19), we know
that we obtain UV divergencies of the form cd−4(d2p4 +
d1p
2 + d0)/(p2 −m2h)2 at the one-loop order for the per-
turbative treatment of the FMS expanded bound state
propagator. The renormalization constants originating
from the split of the bare quantities into renormalized
quantities and counterterms can be regrouped into the
same momentum structure, see Eq. (22). Therefore, we
could equally impose renormalization conditions defining
our scheme not in terms of the gauge-dependent Green’s
functions 〈hh〉, 〈h |ϕ|2〉, and 〈|ϕ|2 |ϕ|2〉 on the right-hand
side of the expansion but on n-point functions of gauge-
invariant physical (composite) fields, e.g., here the bound
state propagator 〈|φ|2 |φ|2〉. The latter carry the relevant
information of the system as they are needed to define
physical processes in a field-theoretical suitable manner.
Thus from a pragmatical point of view, it is sufficient to
properly renormalize the gauge-invariant n-point func-
tions of the bound states as the elementary fields are
anyhow only auxiliary quantities within our description.5
Taking this viewpoint, we would like to emphasize some
particularities that appear at least at one-loop order but
also discuss the question how this might extend beyond
the one-loop approximation.
5 Of course, this does not deny the usefulness of the elementary
Higgs, weak gauge bosons, and left-handed fermions which play
a similar role as quarks and gluons within QCD. None of them
are physical observables but appropriate bound states with these
auxiliary fields as constituents are. However, there is a difference
to the strong interaction. Within QCD, it is most convenient to
imposes renormalization conditions at the level of the elementary
fields in order to perform any continuum calculation in a gauge-
fixed setup and the actual bound state formation is an involved
issue. In case of the weak sector, the BEH mechanism provides a
duality relation explained by the FMS framework which links the
elementary fields with the bound states in a completely different
way such that the renormalization constants introduced for the
gauge-dependent fields can straightforwardly be used to fix the
gauge-invariant bound states within suitable gauges.
First, imposing renormalization conditions on the
bound state propagator, e.g., via some modified on-
shell/complex mass scheme, we obtain definitions of the
finite parts of the renormalization constants that are
gauge-parameter independent as any fluctuation induced
contribution is gauge-parameter independent by defini-
tion, see Eq. (19). This is in contrast to the above
discussed strategy where we renormalize each (gauge-
dependent) term appearing at different orders of the FMS
expansion separately. Equivalently, we could do this
at the level of the gauge-dependent elementary n-point
functions by ignoring finite contributions that depend on
ξ throughout the renormalization process. As to whether
this can be also done for the UV divergencies arising from
these contributions is an interesting but intricate ques-
tion. If so, we could completely avoid the necessity of
considering Goldstone, ghost, and unphysical gauge bo-
son modes and all their corresponding involved issues in
order to extract physical information of a BEH model,
although we still deal with an underlying non-Abelian
gauge structure.
In fact, this strategy can be implemented at the level
of the one-loop approximation but we have to be more
careful at higher orders. In case all diagrams contributing
to elementary n-point functions would only carry diver-
gencies that are expected by power counting, i.e., UV
divergencies ∼p0 for all three functions Σ0, Σ1, and Σ2
as well as a UV divergence ∼p2 for Σ0, the elementary
counterterms would take care of any UV divergence and
we could directly implement this scheme to any loop or-
der. However, we also observed that some diagrams of
the elementary Higgs propagator have a local divergence
∼p4. This can be traced back to the presence of massive
elementary vector bosons within the gauge-fixed formula-
tion. Nonetheless, if we renormalize the n-point functions
on the rhs. of the FMS expansion separately, the un-
usual divergencies originating from terms ∼p4`B(m2W/Z)
were canceled by terms ∼p4`B(ξm2W/Z) at the level of
the one-loop elementary Higgs propagator as we work in
a renormalizable gauge. Although the latter terms get
canceled by higher-orders of the FMS expansion to en-
sure gauge-invariance such that the UV divergence cance-
lation ∼p4 of Σ0 is no longer intact, the fixing of δ˜|φ|2 by
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putting a renormalization condition on Σ2 that contains
`B(ξm2W/Z) and a reshuffling of the terms at the level of
the bound state propagator guarantees UV finiteness.
Also in case we either fully ignore any contribution
of loops that include internal lines of modes with ξ-
dependent mass terms such that we do not obtain a
cancelation between the divergencies of p4`B(m2W/Z) and
p4`B(ξm2W/Z) or we directly work at the level of the
bound state propagator where the latter terms are not
present, δ˜|φ|2 can be used to take care of the divergen-
cies coming from the terms ∼p4`B(m2W/Z) at the one-
loop level as can be seen in Eq. (22). However, this
will not be the case at higher orders where we ob-
tain terms of the form (p4cd−4)n/(p2 − m2h)n+1 while
δ˜|φ|2 = δ˜|φ|2(p2 −m2h)n+1/(p2 −m2h)n+1. Such divergen-
cies originate from terms of the form
(
Σ˜1l0 /(p2 −m2h)
)n
where Σ˜1l0 was defined at the end of Sec. III . Thus, the
highest power of the external momentum in the numer-
ator for the UV divergence and the renormalization con-
stant coincides only in the n = 1 loop case.
Nevertheless, one should keep in mind that we consid-
ered so far only a subclass of non-1PI n ≥ 2 loop diagrams
and a plenty of further higher loop diagrams will con-
tribute as well. It is an interesting question to examine if
such divergencies that are canceled between ξ-dependent
and ξ-independent loops for the two-point function 〈hh〉
such as p4cd−4 can be cancelled by the higher-order terms
of the FMS expansion in a strict gauge-parameter invari-
ant setup and thus making any modes with ξ-dependent
mass term obsolete or if these modes are needed to obtain
a renormalizable field theory. At the one-loop level this
can obviously be done but a general proof is beyond the
scope of this simple analysis. Even if this is not the case,
the FMS approach allows at least for a ξ-independent
definition of the finite parts of the renormalization con-
stants.6
Second, as the interplay of all terms of the FMS expan-
sion is responsible for gauge-invariance, the counterterms
originating from the different orders of the expansion be-
come related. Thus, we need in fact only three of them
instead of five to render the perturbative one-loop struc-
tures encoded in 〈|φ|2|φ|2〉 finite.
Third, the renormalization of the bound-state mass
term shows an interesting behavior which is different
from the renormalization of the mass parameter of the
elementary field, at least at the one-loop level. Analyz-
ing the counterterm structure ∼p0 in Eq. (22), we observe
6 This extends also to a possible renormalization of the tadpole
contributions. In order to simplify the computational effort, it
will be convenient to force Γ˜(1,0) = 0 as we might anyhow ignore
the ξ-dependent contributions to Γ(1,0) by the above strategy.
Alternatively, one may fix δλ or δm to obtain Γ(1,0) = 0. How-
ever, this automatically implies that one of these renormalization
constants becomes ξ dependent which has to be reabsorbed by
another renormalization parameter, e.g., δ|φ|2 or δZ .
that it does not depend on δm. Using a momentum cut-
off regularization instead of dimensional regularization,
δm is responsible for absorbing the quadratic cutoff de-
pendence within the Higgs sector. More precisely, we
find the usual Λ2 dependency for the elementary Higgs
self-energy, i.e.,
Σ1l0 = −
3Λ2
8pi2v2
(
m2h +m2Z + 2m2W −
∑
f
NCfdγ
3 m
2
f
)
+ · · · (23)
where · · · denote terms that are ∼ ln Λ or ∼Λ0. Includ-
ing the higher-order terms of the FMS expansion for the
bound state, we find that only δλ, δ|φ|2 , and δ˜|φ|2 which
are ∼ ln Λ contribute to the mass term renormalization,
indicating that the renormalization of the bound state
mass is only logarithmically sensitive to the cutoff scale.
Indeed, we can explicitly show that terms quadratic in
the UV cutoff get canceled by the higher-order terms of
the FMS expansion being consistent with the countert-
erm structure. Going to the deep Euclidean region by
neglecting mass thresholds and the impact of external
momentum, we obtain at next-to-leading order of the
FMS expansion
Σ1l1 = −
3Λ2
16pi2vm2h
(
m2h +m2Z + 2m2W −
∑
f
NCfdγ
3 m
2
f
)
+ · · · . (24)
Plugging Eq. (23) and Eq. (24) into the one-loop approx-
imation for the bound state propagator and noting that
Σ1l2 is only logarithmically divergent, we find that all Λ2
dependencies precisely cancel,
v2Σ1l0 + 2v(−m2h)Σ1l1 +m4hΣ1l2 = O(ln Λ). (25)
Thus, the observable Higgs mass where we view the Higgs
actually as the gauge-invariant bound state φ†φ is not
quadratically sensitive to the scale of new physics at one-
loop order from an effective field theory viewpoint. This
is obviously different to the usual treatment where all
properties of the Higgs are identified with the gauge-
dependent elementary field whose infrared mass is ex-
tremely sensitive the bare mass parameter. However,
accepting the point that the elementary field is rather
a useful mathematical concept for particular classes of
gauges and not an observable quantity and thus viewing
experimental data from the gauge-invariant bound state
viewpoint, it is not surprising that the mass runs logarith-
mically. The FMS approach allows to treat 〈|φ|2 |φ|2〉 in
a perturbative manner. From that perspective, we study
a four-point function for which we expect that any di-
vergency ∼ p0 goes like ln Λ and the Λ2 dependence is
shifted to the terms ∼p2.
However, whether this behavior will persist beyond our
one-loop approximation requires a full two-loop analysis.
Furthermore note that even if the Λ2 dependence would
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cancel to all orders, it is not guaranteed that the hier-
archy problem will be solved in a strict sense. In order
to do so, similar effects have to manifest in all physical
quantities that are related to the electroweak scale which
is orders of magnitude smaller than the Planck scale. Ex-
ploring this direction might lead to new insights. If other
physical observables show similar properties, a rethink-
ing of the hierarchy problem will be mandatory. Once the
classical scale is set via processes of strict gauge-invariant
quantities in such a scenario, it only receives quantum
corrections that do not alter the scale by several orders
of magnitude.
B. Resummation
In order to extract the mass and the width from a
simple pole of the propagator, a proper resummation of
self-energy diagrams is required for any elementary field.
As the FMS mechanism allows to project some of the
nonperturbative bound state information on perturba-
tively accessible information, an appropriate resumma-
tion of certain contributions is required as well. At first
glance, one may be tempted to resum the entire one-loop
structure or rather its finite part stemming from all or-
ders of the FMS expansion given in Eqs. (22) and (19).
This is motivated by the fact that we obtain the stan-
dard form which can be written as i
p2−m2h
f(p2)
p2−m2h
where
f(p2) is the expression in curly brackets in Eq. (19) plus
appropriate renormalization constants. Thus, one could
naively conclude that i/(p2 − m2h − f) is a proper ap-
proximation for the bound state propagator in analogy
to the one-loop resummation of the elementary propa-
gator. However, one should keep in mind that we have
chosen this particular one-loop structure by hand via in-
serting unities of the form 1 = (p2 − m2h)n/(p2 − m2h)n
for reasons of convenience to explicitly show the gauge-
parameter cancelation among the different terms of the
FMS expansion at this particular loop order. Realizing
the different structures of the three different terms, cf.
Eqs. (4), (5), and (7) or their diagrammatic representa-
tion in Fig. 1, it becomes evident that a resummation of
the plain one-loop structure of the bound state is not a
valid approximation as we would not treat the operator
insertions in a correct manner. For instance, the terms
i
p2−m2h
(
f(p2)
p2−m2h
)n
cannot appear at (n ≥ 2)-loop order as
exponentiating f would imply n to 2n composite oper-
ator insertions. The FMS expansion is a finite series in
ϕ/v for the scalar bound state operator |φ|2 as it con-
tains only a finite amount of elementary scalar doublets
and thus the number of potential operator insertions is
bounded from above by definition which is two for the
current Higgs bound state operator.
Alternatively, we could use the definitions of Eqs. (4),
(5), and (7), plug them into Eq. (3) and use the ap-
proximation Σi → Σ1li . This would account for the |ϕ|2
insertions properly and leads to a straightforward per-
turbative treatment of the bound state propagator. It is
given by the resummed elementary propagator in leading
order. Slight modifications due to the higher-order terms
of the FMS expansion account for the more involved in-
ternal structure. Unfortunately, this comes with another
grain of salt. Suppose, we perform an n-loop approx-
imation for the three contributions Σ0, Σ1, and Σ2 in
the gauge-fixed setup. Then, the resummed bound state
propagator is indeed gauge-parameter independent up to
n-loop order but it will now explicitly depend on ξ as we
do not take (n+ 1)-loop diagrams appropriately into ac-
count. The resummation is simply flawed by the fact that
we consider only a subgroup of all possible diagrams with
loop order n + 1 or higher. Thus, the gauge-parameter
cancelation mechanism is not at work at these higher or-
ders and we introduce an artificial gauge dependence due
to our approximation.
To circumvent this technical problem, we propose to
only resum those contributions that are explicitly ξ-
independent, i.e., to neglect any loop contributions that
include at least one internal Goldstone, ghost, or longitu-
dinal weak gauge boson line. This procedure is justified
by the fact that the loop diagrams containing modes with
masses ∼√ξm2W/Z have to cancel order by order in the
perturbative expansion by construction. More precisely,
we simply use the identity
〈(φ†φ)(p) (φ†φ)(−p)〉 = i
p2 −m2h − Σ0
(
v2 + 2vΣ1
)
+ Σ2
= i
p2 −m2h − Σ˜0
(
v2 + 2vΣ˜1
)
+ Σ˜2
(26)
where a function with a tilde Σ˜i is given by Σi mi-
nus ξ-dependent contributions as defined at the end of
Sec. III for the one-loop approximations. Using now
approximations for the functions Σ˜i instead of Σi and
plug them into the last line of Eq. (26), we obtain a ξ-
independent resummed bound state propagator that ac-
counts for |ϕ|2 insertions in the correct way. Thus, a
consistently resummed one-loop approximation for the
bound state propagator reads,7
〈(φ†φ)(p) (φ†φ)(−p)〉
= i
p2 −m2h − Σ˜1l0
(
v2 + 2vΣ˜1l1 + (Σ˜1l1 )2
)
+ Σ˜1l2 . (27)
Here, we have treated the resummation of diagrams
contributing to Σ2 on the same footing as for Σ0 and
7 We suppress the counterterms for better readability in the fol-
lowing. We would like to emphasize here that they have to be
treated on the same footing. In case the renormalization con-
stants are fixed via the gauge-dependent n-point functions, any
ξ-dependent contribution of the finite part has to be neglected
as well. Equivalently, we can choose a scheme that does not in-
clude the ξ-dependent (finite) parts in the fixing procedure, see
the discussion in Sec. VA.
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Σ1, i.e., we included the sum of any diagram contain-
ing an arbitrary number of one-loop diagrams connected
via tree propagators. This implies that we have Σ˜2 =
Σ˜1l2 + ip2−m2h−Σ˜1l0 (Σ˜
1l
1 )2 with Σ˜1l2 ≡ Γ˜(0,2)1l. Equivalently,
one could impose a resummation scheme that only re-
sums elementary Higgs self-energy contributions up to
a given order and truncate the functions coming from
higher orders of the FMS expansion in the numerator
at the same loop order. Implementing this resummation
strategy implies that we would neglect the term (Σ˜1l1 )2 in
Eq. (27) as we would assign it to the two-loop approxi-
mation.
These two strategies provide a useful treatment of the
bound state propagator that are valid in any renormaliza-
tion scheme. For particular schemes, further options are
feasible, e.g., within the on-shell or complex mass scheme
where renormalized parameters are identified with mea-
surable quantities. For instance, we could consider a re-
summation that treats all terms in the numerator at the
same loop order, i.e.,
i
[
v2
Σ˜1l0
p2−m2h
+ 2vΣ˜1l1 +O(~2)
]
p2 −m2h − Σ˜1l0
+ Σ˜1l2
= i
v2
Σ˜1l0
p2−m2h
+ 2vΣ˜1l1 + (p2 −m2h)Σ˜1l2 +O(~2)
p2 −m2h − Σ˜1l0
(28)
at the one-loop level and more sophisticated expressions
at higher loop orders. It is clear that such a strategy
can only be valid in those particular schemes where mh
is identified with the Higgs mass as it would otherwise
introduce additional RG scale dependent fake poles, e.g.,
within the MS scheme.
At our current level of approximation, it does not
matter which of the resummation options we choose as
the modifications are negligible for our present purpose.
We have tested this by comparing the extracted spec-
tral functions of the different resummation options whose
general properties we discuss below. Nevertheless, de-
pending on the actual objectives and the requirements
on the precision of the calculation for more sophisticated
investigations, some of the proposed resummation strate-
gies might be more useful than others.8
Before we analyse the physical information encoded in
the resummed bound state propagator, we have to dis-
cuss a further issue. The finite part of Σ˜1l0 behaves as
p4 ln p2 for large p2. Thus resumming the one-loop ap-
proximation of the self energy, Σ˜1l0 /(p2 − m2h) becomes
nonconvergent for sufficiently large p2. This problem al-
ready appears at the level of the elementary Higgs prop-
agator, unless we choose ξ = 1. Due to the interplay of
8 A word of caution. We have outlined different resummation
strategies which follow from the FMS expansion in a natural
way. Following these strategies in a consistent manner is im-
portant to obtain reliable results as slight deviations from these
expansions can give inadequate convergence properties.
the different modes, however, |Σ1l0 /(p2 − m2h)| < 1 over
a sufficiently large range of the external momentum p2
if the gauge-fixing parameter is sufficiently small. For
ξ < 40 this requirement is fulfilled for any energy range
accessible by present and near-future colliders. For the
bound state propagator, we have |Σ˜1l0 /(p2 − m2h)| < 1
only up to ≈ 1 TeV. Thus, the resummation of terms
∼ p4 ln p2
p2−m2h
is only meaningful below this scale. In order
to take this into account, we could either restrict our
study only to this energy range or simply exclude this
particular contribution from the resummation and keep
it at an appropriate loop level.9 The latter option can
straightforwardly be implemented at the one-loop level if
the on-shell/complex mass scheme is used. In this case,
we are able to use
〈(φ†φ)(p) (φ†φ)(−p)〉 =
i
[
v2 + 2vΣ˜1l1 + (Σ˜1l1 )2
]
p2 −m2h − ˆ˜Σ1l0
+ Σ˜1l2 + v2
iΣ˜1l0,p4
(p2 −m2h)2
, (29)
where Σ˜1l0,p4 = − p
4
2v2
[
2`B(m2W) + `B(m2Z)
]
and ˆ˜Σ1l0 =
Σ˜1l0 −Σ˜1l0,p4 . For any other scheme, we would spoil the cal-
culation by introducing additional poles. This might be
cured by introducing Heaviside step functions or smooth
regulator functions such that the resummation of the
problematic terms can be switched on and off at appro-
priate momentum scales above the pole but below the
energy range where the resummation breaks down. Al-
ternatively, one may follow the strategy of Ref. [25] where
a partial resummation is proposed. Using the identity
p4 = (p2−m2h)2 + 2m2hp2−m4h, we can split the one-loop
contribution p4 ln(p2)/(p2 −m2h)2 into a pure logarithm
which will not be resummed and does only features the
common branch cuts as well as a remaining term which
will be included into the resummation. Within our accu-
racy, we did not find any significant numerical deviation
between this method and Eq. (29) for the on-shell or com-
plex mass scheme. Nevertheless, we have to state that
the (one-)loop approximation is not able to capture the
external momentum dependence properly at large ener-
gies. In order to gain a glimpse of the potential behavior
slightly above 1 TeV, we will use Eq. 29. However, we
emphasize that improvements are necessary to make a
conclusive statement at TeV scales.
9 Technically, one expects similar issues from terms being ∼ p2 ln p2
p2−m2h
for large p2. On a practical level, however, these terms do not
spoil resummation at any relevant physics scale as they become
O(1) far beyond the Planck scale.
15
C. Mass, width, and spectral function
After this preparatory work, we are now able to discuss
the phenomenological consequences of the perturbative
treatment of the Higgs bound state via the FMS formal-
ism. First of all, we find that the mass of the bound state
φ†φ is identical to the mass of the elementary Higgs field
h within gauges that allow for a nonvanishing VEV. This
is explicitly demonstrated in terms of a one-loop approxi-
mation, by comparing the pole structure of Eq. (27) with
its elementary counterpart 〈hh〉 = i/(p2 − m2h − Σ1l0 ).
Most importantly, this feature will also be present at
any loop approximation as can be seen by the general
structure of the FMS expanded but properly loop-order
resummed bound state propagator, see Eq. (26). Within
a perturbative treatment, the higher order terms of the
FMS expansion do not alter the mass and width ex-
tracted from the position of the pole which is consistent
with the Nielsen identities. Furthermore, they will also
most likely not introduce any new pole structure which is
not already contained within the elementary propagator.
The latter fact can be made transparent by recogniz-
ing that any diagram of 〈h |ϕ|2〉 and 〈|ϕ|2 |ϕ|2〉 can be
converted into a diagram contributing to 〈hh〉 by re-
placing the operator insertion via a hϕ†ϕ vertex and an
external h line, see Fig. 4. This has important conse-
quences. It shows that even if some internal excitation of
the bound state exist due to the complex interplay of the
constituents, it cannot be addressed in a gauge with non-
vanishing v unless it is encoded in the elementary Higgs
propagator as all appearing structures are constrained by
the FMS expansion. In general, this argument can also
be used for all other SU(2) gauge-invariant descriptions
of standard model particles. Of course this is not a weak-
ness of the FMS formalism as it still describes all occur-
ring structures in a gauge-invariant manner. It is rather
that the standard Rξ gauges would not be able to prop-
erly reflect the entire physical information of the system.
They would describe the ground state but additional in-
formation might be missing. Nonetheless, nonpertur-
bative lattice simulations confirm that at least within
the SU(2)-Higgs subsector the perturbative description
seems to capture all relevant information [46, 47]. In
particular the one-loop approximation is decent for the
lattice results, see the next Sec. VI.
Although the pole position of the bound state and the
elementary field is identical, we do obtain phenomenolog-
ical implications as cross sections get altered due to the
higher-order terms of the FMS expansion. For the sake
of illustration, let us consider the square of the transition
amplitude of 1-to-1 scattering. We have
|Mh→h|2 = 1|p2 −m2h − Σ0|2
(30)
Figure 4. Diagrammatic sketch that all diagrams contribut-
ing to next-to-leading and higher orders of the FMS expan-
sion can be converted into a subgroup of all diagrams that
contribute to the leading order term, i.e., the propagator of
the elementary field.
and
|Mφ†φ→φ†φ|2 =
1 + 4vReΣ˜1 +
4
v2 |Σ˜1|2
|p2 −m2h − Σ˜0|2
+ |Σ˜2|2
+ 2Re
( 1 + 2v Σ˜1
p2 −m2h − Σ˜0
Σ˜2
)
(31)
for the elementary field and the bound state tran-
sition, respectively. Note that we used an appro-
priate normalization of the bound state propagator,
〈|φ|2 |φ|2〉 → 1v2 〈|φ|2 |φ|2〉 which is equivalent to consider-
ing the rescaled operator 1vφ†φ, to provide a comparison
with the elementary field transition amplitude.
The transition amplitudes are depicted in the one-loop
approximation for s = p2 in the left panel of Fig. 5. The
black solid curve shows |M|φ|2→|φ|2 |2 while dashed lines
depict |Mh→h|2 for ξ = 1 (red), ξ = 10 (blue), ξ = 100
(cyan). For ξ < 1 as well as for the pinch technique
propagator we do not observe any deviation from the red
dashed curve that is visible by eye. In the right panel,
we plotted the ratio of the bound state operator with the
elementary field for different values of the gauge-fixing
parameter. For illustration, we also included ξ = 0.1 (or-
ange) as well as the ratio of the bound state amplitude
and the amplitude obtained from the pinch technique
propagator (purple solid line). In the small external mo-
mentum regime, we find good agreement of all different
functions. At
√
s = 125 GeV all transition amplitudes
coincide as they should due to the ξ-independence of the
pole of the propagator. However, note that we technically
get a tiny displacement of the location of the maximum
of the peak of the relativistic Breit-Wigner distribution
and its width away from the pole position for the transi-
tion amplitude of the bound state operator. This shift is
caused by the modified structure in the numerator due to
the higher-order contributions of the FMS expansion. On
a practical level, however, we do not obtain an observable
alteration of the peak for standard model parameters.
Away from the narrow peak, we have deviations of
O(1%) for ξ = 1 below the two-Higgs threshold. The
deviation increases with increasing ξ in this momen-
tum region, e.g., up to 7% at the two-Higgs thresh-
old for ξ = 100. The transition amplitude computed
from the pinch technique Higgs propagator stays close to
the bound-state transition amplitude below any bosonic
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Figure 5. Left panel: transition amplitude of “1-1 scattering” for the bound state (black solid line) and elementary Higgs
(dashed lines). The red dashed line denotes the elementary transition amplitude for ξ = 1, while the blue line denotes ξ = 10
and the cyan line ξ = 100. Right panel: ratio of the bound state and elementary field transition amplitude. We also included
the results for the pinch technique propagator (solid purple line) and ξ = 0.1 (orange dashed line). These two lines cannot be
distinguished from the red curve in the left panel by the eye.
threshold and gets ≈ 2% suppressed at the W and Z
thresholds. In the energy range up to 1 TeV, we obtain
an enhancement of the bound-state transition amplitude
compared toMh→h. We find that this enhancement first
decreases with increasing ξ at fixed s up to ξ ≈ 17. For
larger ξ the enhancement increases. The result obtained
from the pinch technique is close to the result of the
Feynman-t’ Hooft gauge. In the energy region of 600
GeV to 800 GeV, we observe an enhancement of the tran-
sition amplitude of the bound state Higgs compared to
the pinch technique propagator by a factor of 2.
As the results of the bound state computation shows
deviations from the results conventionally obtained by
the pinch technique, processes that involve an intermedi-
ate Higgs would be a possible test ground to examine the
phenomenological impact of the FMS formulation. How-
ever, note that our current results need further improve-
ments as we purely considered propagator-like diagrams
so far but neglected any contributions from vertex or box
diagrams which are important within the pinch technique
treatment.
Finally, let us consider the spectral function of the
bound state propagator which is depicted in Fig. 6. The
most important result is the fact that it is non-negative.
This is a basic requirement for a physical interpretation
which is not possible for the spectral function of the el-
ementary field. For comparison, we also plotted as thin
black dashed line the spectral function from a toy prop-
agator that contains the ξ-independent Higgs self-energy
Σ˜0 but all other effects coming from the higher-order
terms of the FMS expansion ignored. Comparing the thin
black dashed and thick solid line, we find a relevant en-
hancement of the spectral function due to the nontrivial
internal properties of the bound state operator described
by the higher-order FMS terms. The enhancement starts
at the two-Higgs threshold. This is expected as we only
obtain in this energy range a significant alteration of the
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Figure 6. Spectral density of the elementary Higgs field for
different values of the gauge-fixing parameter ξ and of the
bound state operator φ†φ (black solid line). We depict the
spectral function for ξ = 1 (red dotted line), ξ = 2 (green
dash-dotted line), and ξ = 10 (blue dashed). The vertical
gray dashed lines indicate the mass thresholds at 2mW, 2mZ,
2mh, and 2mtop from left to right. Further, we depicted the
spectral function obtained from the bound state propagator
but all nontrivial effects from Σ˜1 and Σ˜2 ignored as black
dashed line. The thin black solid line illustrates the result if
we would had included terms ∼ p4 ln p2 into the resummation.
imaginary part of the propagator at the one-loop level
due to the higher-order terms. Additionally, we plotted
as thin black solid curve the spectral function extracted
from a bound state propagator where the p4 ln p2 terms of
the self-energy Σ˜1l0 are resummed as well. This would pro-
vide a further enhancement around 1 TeV and above this
scale a fast decrease. Nevertheless, we should not trust
the one-loop approximation in this regime. Higher-order
computations are needed to make a conclusive statement
in this energy range.
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VI. LATTTICE
So far, we computed the bound state properties purely
by perturbative methods. The fact that this is possible is
a particularity of gauge theories with a BEH mechanism
due to the FMS relation in certain classes of gauges. In
the following, we will test whether a perturbative treat-
ment of the FMS expansion is able to capture most of the
relevant information of the Higgs particle in the weak
coupling regime or nonperturbative bound state effects
might occur that lead to further phenomenological im-
plications.
In order to examine the validity of the FMS expansion,
we compare our one-loop results with lattice simulations.
Therefore, we switch to Euclidean signature and focus the
analysis to the pure bosonic sector. The latter restriction
is due to the present unavailability of an efficient algo-
rithm to simulate gauged Weyl fermions. Furthermore,
we take the limit of coinciding W and Z boson masses,
i.e., we investigate a non-Abelian SU(2)-Higgs model as
this theory is extensively studied on the lattice, e.g., see
[47–50] or [9] for a review.
From a conceptual viewpoint it would be most con-
venient for the sake of comparison to impose renormal-
ization conditions at vanishing Euclidean momentum for
our one-loop analysis and the lattice data. However,
finite volume effects are usually expected and have to
be treated carefully for low momenta within the lattice
setup. For the analysis of the elementary Higgs propa-
gator it was thus chosen to impose renormalization con-
ditions at |p| = mh such that the lattice propagator is
fixed to the tree-level one at this scale [15]. As we ex-
tend the analysis to the bound state propagator and ex-
amine various parameter sets, we use a different strategy
to avoid potential issues coming from interpolation and
discretization artifacts. For each propagator, we choose
the third lowest momentum obtained from the lattice re-
sults under consideration as a reference point. Then, we
use the freedom of the finite parts of the mass and wave-
function renormalization constants to impose renormal-
ization conditions such that the lattice propagator co-
incides with the momentum-space propagator obtained
from the loop expansion at this point. By using this
strategy, we minimize a potential contamination of the
intermediate and large momentum regime from finite vol-
ume effects. At the same time, we avoid a contamination
of the low and intermediate momentum regime from dis-
cretization artifacts above the lattice cutoff.
In Fig. 7, we compare lattice and analytical one-loop
results for the elementary (blue) and bound state (black)
propagator for different ratios of the scalar and vector
boson mass. For all results, we usemW = 80 GeV. Statis-
tical error bars for the lattice data are suppressed as they
are at most at the one percent level and hardly visible
by eye. The three different plots show the Higgs propa-
gator for mh = 88 GeV, mh = 123 GeV, and mh = 154
GeV. Apart from finite volume effects, we obtain decent
results for the elementary propagator. For the two light
Higgs masses, the analytical and lattice results differ by
O(1%). In the large momentum regime, p & 1000 GeV,
we observe differences of 5% but this momentum range
is already above the lattice cutoff scale (≈ 620 GeV for
both data sets). Thus, these differences are likely af-
fected by discretization artifacts [49–51]. At p = 0, we
get large differences of ∼25% (mh = 123 GeV) and ∼40%
(mh = 88 GeV). However, on top of the finite-volume
artifacts [49] we used the central values for the masses
obtained from a spectroscopic analysis in the scalar chan-
nel which have similar uncertainties due to finite volume
effects, mh = 123 ± 19 GeV and mh = 88 ± 10 GeV, re-
spectively. Taking these aspects into account, the p = 0
regime is within this uncertainty in the mh = 123 GeV
case and at least close to the lower value of the mass
interval for mh = 88 GeV. We obtain a similar picture
for the bound state propagators. We find finite volume
effects of O(10%) at p = 0. At finite Euclidean momen-
tum but below the lattice cutoff, we find deviations of
a few percent between the lattice and analytical results.
In the large momentum regime, this deviation increases
to 10% (p∼800 GeV) and 25-40% (p∼1-1.2 TeV). Espe-
cially for the bound state propagators, this is likely due to
discretization artifacts, as well as mixing with scattering
states [9, 50].
For the largest Higgs mass mh = 154± 5 GeV, we ob-
tain similar results for the elementary propagator as for
the two lighter Higgs masses. At p = 0, we have only
a slight deviation of 2% between the lattice and analyt-
ical results which is compatible with the uncertainty of
the scalar mass due to finite volume effects. In the inter-
mediate momentum regime, we have deviations of O(1%)
but observe larger deviations of ∼4-10% above the lattice
cutoff at 429 GeV. For the bound state propagator, we ob-
tain good agreement between both methods sufficiently
below the lattice cutoff. At p & 300 GeV, however, we
find larger deviations. This may be caused by several
facts. First, the scalar self-coupling is stronger than in
the other two cases such that a simple one-loop approx-
imation of the FMS terms might not reflect all relevant
bound state information. Second, the mh = 154 GeV is
close to the two-W threshold at 160 GeV. Thus, we might
see stronger mixing effects with scattering states than in
the previous two cases, which alter the high-momentum
tail substantially [50].
VII. SUMMARY AND CONCLUSION
We investigated a strict gauge-invariant definition of
the standard-model Higgs boson resonance given by the
FMS framework. Usually the properties of correlation
functions of the elementary Higgs field entering the La-
grangian are considered to make contact with collider
experiments. The main advantage of this approach is
the comparatively straightforward computation of these
quantities with perturbative methods. However, these
correlation functions depend explicitly on the chosen
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Figure 7. Comparison between the momentum-space propagator extracted from nonperturbative lattice simulations and the
Euclidean one-loop approximation for different masses mh within an SU(2)-Higgs model. Blue circles and black squares
represent lattice results [49] for the elementary and bound state propagator, respectively. Accordingly, blue dashed lines show
the elementary one-loop propagator while black solid lines show the bound state propagator.
gauge and the extraction of gauge-parameter invariant
information can be challenging. By contrast, the main
advantage of the FMS approach is given by the explicitly
gauge-invariant formulation of all Green’s functions such
that the extraction of gauge-invariant physical quantities
is (almost) trivial. This property is based on the fact
that composite local bound state operators are consid-
ered instead of the elementary fields. The price to be
paid for explicit gauge-invariance from the beginning is a
more involved treatment of in principle nonperturbative
objects.
As shown by the original FMS work [10, 11], some
properties of the gauge-invariant bound states can be di-
rectly computed from the n-point functions of the el-
ementary fields if standard gauge-fixing procedures are
used that allow for a nonvanishing vacuum expectation
value of the scalar doublet. In particular, the bound
state operator φ†φ can be mapped in leading order on
the usual Higgs fluctuation mode h such that the main
phenomenological consequences of both approaches coin-
cide.
For the first time, we go beyond this and address the
impact of the higher order terms of the FMS expansion
for the standard-model Higgs in detail. As a main re-
sult, we were able to show that the pole structure of the
elementary propagator coincides to all orders in the per-
turbative expansion with the pole structure of the bound
state propagator which is given by all terms on the right-
hand side of the finite FMS expansion. Thus, the mass
and decay width of the gauge-invariant bound state op-
erator is indeed well described by its elementary coun-
terpart. This also gives a coherent picture with respect
to the Nielsen identities which demonstrate the gauge-
parameter invariance of the Higgs mass extracted from
the elementary propagator in particular classes of gauges.
Albeit the description of on-shell properties are the same
within our investigations, we identified potential devia-
tions regarding the Higgs off-shell properties if a virtual
bound state Higgs is created in some process. Consider-
ing only propagator-like diagrams, we find an enhance-
ment of the transition amplitude of the bound state Higgs
compared to the pinch technique propagator by a factor
of 2 in the energy range of 600 GeV to 800 GeV. This
might be an interesting starting ground to test the FMS
implications besides other suggestions [50, 52, 53].
Additionally, the formulation and interpretation of the
Higgs resonance in terms of the FMS bound state op-
erator has further advantages. From a conceptual point
of view, various field-theoretical issues are circumvented.
For instance, no notion of a spontaneously broken elec-
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troweak gauge symmetry is required. Furthermore, the
Lehmann-Källèn spectral density of the elementary Higgs
field is plagued by positivity violations which spoil any
physical interpretation of the elementary Higgs. This
problem does not occur at the bound state level whose
spectral density is gauge-invariant, do not possesses un-
physical thresholds, and is strictly nonnegative.
Further, we discussed the renormalization of the bound
state propagator in detail. A peculiar situation appeared
with respect to the bound state mass renormalization.
In contrast to the elementary Higgs mass renormaliza-
tion, the bound state mass term depends only logarith-
mically on the scale of new physics if the standard model
is viewed from an effective field theory point of view.
Thus, no fine-tuning of the scalar mass parameter seems
to be required to obtain a Higgs mass orders of magni-
tude smaller than the Planck scale. As to whether this
feature extends beyond the one-loop approximation is an
open problem. Interestingly, this finding is curiously rem-
iniscent of observations made in lattice simulations of the
bosonic sector [9]. However, even if this might be the case
for the standard model Higgs mass, the hierarchy prob-
lem might still manifest itself in other physical quantities
which are related to the electroweak scale. Nonetheless,
further investigations into this direction might lead to
novel insights into the underlying standard model cutoff
scale.
In order to obtain a nontrivial test for the validity of
the perturbative treatment of the FMS expansion, we
compared our one-loop approximations for the elemen-
tary Higgs field propagator as well as for the bound state
propagator against nonperturbative lattice simulations
within the weak SU(2)-Higgs subsector of the standard
model. We gained decent results for Higgs masses suf-
ficiently below the two-W threshold scale where slight
deviations could be traced back to finite volume or dis-
cretization artifacts. In case the Higgs mass comes close
to the two-W threshold, the deviations of the lattice data
and the analytical bound state propagator increased.
This might be caused by the impact of mixing with scat-
tering states on the lattice or an insufficient description
of the propagator by the one-loop approximation at large
momenta. Nevertheless, in case of a physical Higgs-to-
W mass ratio, we find a good agreement between lattice
and analytical results. Therefore, a perturbative descrip-
tion of all terms appearing within the FMS expansion
seems to be indeed a useful approximation for the stan-
dard model.
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